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Etching of undoped Si12xGex epitaxial films (x5021) has been investigated using an
electron-cyclotron-resonance chlorine plasma. It is found that the etch rate of Si12xGex increases
with increasing Ge fraction and decreases with increasing Cl2 pressure. From the comparison of the
etch rate with the number of the incident ions toward the wafer and the relative radical density in
the plasma, it is also found that the etching of Si12xGex with low x is induced mainly by chlorine
ions, and for high x, the contribution of radicals to the etching becomes larger. From the angular
resolved x-ray photoelectron spectroscopy analysis, it is found that the etching by chlorine radicals
causes surface segregation of Si with the concentration of about 1 – 1.531014 cm22 on the etched
Si12xGex surface. © 2000 American Institute of Physics. @S0003-6951~00!00238-2#The etching of Si12xGex is very important for the fabri-
cation of ultrasmall heterodevices in silicon technology, e.g.,
for application to gate,1 channel,2 and source/drain3 in
metal–oxide–semiconductor field-effect transistors as well
as high-speed heterojunction-bipolar transistors.4 Recent re-
ports showed higher etch rates of SiGe and Ge using CF4,5
SF6,6 CF2Cl2,7 and HBr,8 and lower etch rates of Ge using
CF4 /H29 and SF6 /H2 /CF410 gas mixtures compared with that
of Si. However, most of the experiments have been made on
Si12xGex with relatively limited Ge fractions ~pure Ge and
low x!, and difference of the ion contribution and the radical
contribution to the etching reaction has not been clarified, so
far. As for the Si12xGex surface after etching, segregation of
Si using CF2Cl27 and HBr,8 and segregation of Ge using
CF45 has been also reported. The use of these compound
molecular gases including inessential elements may compli-
cate the etching reaction. In order to examine the intrinsic
surface reaction between Si12xGex and an etching gas, it is
effective to use single-crystal Si12xGex and an etching gas
with a simple structure, e.g., a pure elemental halogen gas.
In the present work, the etching of undoped Si12xGex
epitaxial films (x50 – 1) has been investigated using an
electron-cyclotron-resonance ~ECR! chlorine plasma. From
the measurements of the number of the incident ions toward
the wafer and the relative radical density in the plasma, the
contribution of ions and radicals to the etch rate and the
segregated Si on the etched surface of Si12xGex is discussed.
Etching of undoped Si12xGex epitaxial films by chlorine
plasma was performed using an ECR plasma etching appa-
ratus, schematically shown in Fig. 1. The apparatus contains
a load-lock system to prevent direct air contamination into
the reactor chamber. For preparing the samples, the
Si12xGex epitaxial films were deposited onto the p-type
Si~100! substrates by low-pressure chemical vapor deposi-
tion at 350–750 °C using a SiH4– GeH4– H2 or
SiH4– GeH4– Ar gas mixture.11 The thickness was about
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ing on the Ge content so that the epitaxial layer became flat
~roughness Ra;0.3 nm!, e.g., 500 °C for x50.511 and
350 °C for x51.12 Just before loading the samples into the
chamber, they were treated in 1%–2% HF with the final
rinse in deionized water to remove native oxides on the sur-
face. Etching was done for 0.5–60 min at a Cl2 pressure of
0.067–1.6 Pa with a supplied microwave ~2.45 GHz! power
of 500 W. In order to supply mainly radicals onto the wafer,
the shutter was usually put about 2 mm above the sample
~indirect exposure etching!, where the directional ion inci-
dence was greatly suppressed. In the case without the shutter
~direct exposure etching!, both ions and radicals are supplied
to the surface.
The number of incident ions on the wafer was estimated
from the ion current measured by the probe inserted directly
into the chamber at the wafer position assuming that all the
incident ions had the positive single charge. The relative
radical density was determined from the intensity of the op-
tical emission from chlorine radicals measured using a mul-
tichannel spectrometer. For the etch rate measurements,
some samples were partly masked with photoresist. After the
etching, the etched depth was measured by step profilometry
FIG. 1. Schematical diagram of the ECR plasma etching apparatus. Cl2 gas
is introduced into the chamber via an ultraclean gas supply system. TMP1
and TMP2: turbo molecular pumps, DRP1 and DRP2: dry pumps.8 © 2000 American Institute of Physics
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roughness (Ra) was measured by atomic force microscopy.
The surface Ge fraction was estimated by angular resolved
x-ray photoelectron spectroscopy ~XPS! with a pair of the
photoelectron detection angles of 35° and 90°, where the
degree of the photoelectron attenuation was almost the same
for both the angles.
Figure 2 shows the Cl2 pressure dependence of the
Si12xGex etch rate in direct exposure etching. The etch rate
decreases monotonously with increasing Cl2 pressure for ev-
ery x, and increases with increasing Ge fraction x. Looking at
Fig. 2 in more detail, for low x (<0.53), the etch rate shows
a large decrease in the high-pressure region with a similar
tendency to the Cl2 pressure dependence of the number of
the incident ions toward the wafer ~the dotted line in Fig. 2!.
The number of the etched atoms is nearly equal to or less
than that of the incident ions. This means that Si12xGex etch-
ing in the chlorine plasma is ion initiated for low x. On the
other hand, with high x ~>0.78!, more atoms are etched than
the number of incident ions. The tendency of the etch rate
decrease with increasing Cl2 pressure becomes close to that
of the relative radical density indicated by the broken line in
Fig. 2.
Figure 3 shows the Ge fraction dependence of the
Si12xGex etch rate in direct and indirect exposure etchings.
In the case of direct exposure etching, where both ions and
radicals were supplied to the wafer surface, the etch rate
increases gradually with x. On the other hand, in the case of
indirect exposure etching, where the direct ion incidence to-
ward the wafer was suppressed by the shutter and radicals
were mainly supplied to the surface, etching was greatly sup-
pressed for Si12xGex with low x. The etch rate shows a much
steeper increase with x than in the case of direct exposure
etching. It should be noted that the etch rate scarcely de-
pended on the spacing ~2–5 mm! between the shutter and the
etched surface. From these results, it is confirmed that the
chemical role of radicals is predominant for the etching of
Si12xGex with high x, while the ion-induced physical role is
important for low x. Such a reactivity difference between Si
FIG. 2. Cl2 pressure dependence of the Si12xGex etch rate in direct exposure
etching. The dotted line shows the number of incident ions, where the ver-
tical scale of it is adjusted to the etch rate when one atom of Si12xGex is
etched by one incident ion. The broken line shows the relative radical den-
sity in the plasma ~in arbitrary unit!. The measurement error is within each
mark, while the repeatability and the uniformity caused a larger error, typi-
cally 5%–15% for direct exposure etching.Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject toand Ge is consistent with the results in atomic-layer etching
of Si12xGex .13 As is well known, the radical contribution
caused isotropic etching and ion-induced reaction caused di-
rectional etching feature, although the detailed lateral extent
is under investigation. Moreover, it is noteworthy that the
surface roughness (Ra) after ;100 nm depth etching was
larger for direct exposure etching than for indirect exposure
etching, typically Ra~direct!5;5 nm and Ra~indirect!5;3
nm for Si0.43Ge0.57.
From the XPS analysis on the Si12xGex surface before
and after etching, it was found that the intensity of the Ge
spectrum after etching decreased compared with that before
etching. Such effects were pronounced especially on the sur-
face after indirect exposure etching. This means that the sur-
face Ge fraction decreases after etching, i.e., Si is segregated
mainly by the radical etching. Figure 4 shows the nominal
Ge fraction dependence of the total surface Si concentration
after the etching estimated by the angular resolved XPS
analysis. It should be noted that the angular resolved method
by itself gives information on the surface Ge fraction inde-
pendently of process and that the values of the estimated Si
concentration include larger uncertainty for Si12xGex at a
FIG. 3. Ge fraction dependence of the Si12xGex etch rate in direct and
indirect exposure etching. The Cl2 pressure is 0.067 Pa ~j!, 0.13 Pa ~d,s!,
0.53 Pa ~l!, 1.1 Pa ~m,n!, and 1.6 Pa ~., !. The measurement error is
within each mark, while the repeatability and the uniformity caused a larger
error, typically 5%–25% for indirect exposure etching.
FIG. 4. Nominal Ge fraction dependence of the total surface Si concentra-
tion after etching. The dotted line shows the ideal surface Si concentration
of the Si12xGex assuming homogeneity in the Ge fraction throughout the
film. The error bars correspond to the surface Si concentration uncertainty
when the measured intensity IGe /ISi varies 62.5%. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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surface Si concentration of the Si12xGex assuming homoge-
neity of the Ge fraction throughout the film. The increase of
the Si concentration from the ideal surface shows Si segre-
gation. For indirect exposure etching, the surface concentra-
tion of the segregated Si is about 1 – 1.531014 cm22 regard-
less of its nominal Ge fraction, which means the larger
segregation ratio at the higher x. This also means that the Ge
atoms should be etched prior to the Si atoms on the Si12xGex
surface by chlorine radicals. On the other hand, after direct
exposure etching with ion incidence, Si segregation is very
little compared with the case of indirect exposure etching,
even though the extent of the Si segregation appears large for
Si0.8Ge0.2. It is considered that the etching of a similar
amount of Si and Ge atoms occurs on the Si12xGex surface
by chlorine ions.
In conclusion, the etch rate of Si12xGex increases with
increasing Ge fraction x, and decreases with increasing Cl2
pressure ~0.067–1.6 Pa!. The etching of Si12xGex with low x
is induced mainly by ion incidence and the contribution of
chlorine radicals to the etching becomes dominant at higher
Ge fractions. Supplying chlorine radicals to the Si12xGex
surface results in the surface Si segregation with the concen-
tration of about 1 – 1.531014 cm22. On the other hand, sup-
plying chlorine ions and radicals causes little Si segregation.
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